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SUMMARY
Measles vaccination is estimated to have averted 13·8 million deaths between 2000 and 2012.
Persisting heterogeneity in coverage is a major contributor to continued measles mortality, and a
barrier to measles elimination and introduction of rubella-containing vaccine. Our objective is to
identify determinants of inequities in coverage, and how vaccine delivery must change to achieve
elimination goals, which is a focus of the WHO Decade of Vaccines. We combined estimates of
travel time to the nearest urban centre (550000 people) with vaccination data from Demographic
Health Surveys to assess how remoteness affects coverage in 26 African countries. Building on a
statistical mapping of coverage against age and geographical isolation, we quantiﬁed how
modifying the rate and age range of vaccine delivery affects national coverage. Our scenario
analysis considers increasing the rate of delivery of routine vaccination, increasing the target age
range of routine vaccination, and enhanced delivery to remote areas. Geographical isolation plays a
key role in deﬁning vaccine inequity, with greater inequity in countries with lower measles vaccine
coverage. Eliminating geographical inequities alone will not achieve thresholds for herd immunity,
indicating that changes in delivery rate or age range of routine vaccination will be required. Measles
vaccine coverage remains far below targets for herd immunity in many countries on the African
continent and is likely to be inadequate for achieving rubella elimination. The impact of strategies
such as increasing the upper age range eligible for routine vaccination should be considered.
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INTRODUCTION
Vaccination has proved one of the most successful
public health interventions, resulting in substantial
mortality and morbidity reductions worldwide [1, 2].
Between 2000 and 2012, it was estimated that
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vaccination averted 13·8 million deaths [3], and future
impacts are anticipated to be large [4]. However, de-
spite major successes in ramping up vaccination [5],
signiﬁcant outbreaks occurred across the African
continent between 2009 and 2011 [6]; and many indi-
viduals remain at risk. Both low coverage of routine
vaccination programmes, and suboptimal implemen-
tation of the catch-up or follow-up campaigns de-
signed to reach susceptible children (Supplementary
Immunization Activities, or SIAs) who had accumu-
lated over the previous years of low routine coverage
[7] contribute to this. Nevertheless, all six World
Health Organization (WHO) regions currently have
measles elimination goals [8]. The impact of inequities
in vaccination rates, and the resulting heterogeneity in
the population landscape of immunity on the measles
endgame, is consequently a key public health ques-
tion. A related issue is how these heterogeneities affect
the prospect of introduction of rubella-containing
vaccine, which can have negative impacts if vaccine
coverage is inadequate. Here, we show that geographi-
cal isolation plays a key role in shaping vaccination
inequity across a range of countries in Africa and ex-
plore how modalities for enhancing vaccination cover-
age will impact geographical inequity.
The considerable variability in the opportunity that
children have for vaccination is well-recognized in the
literature [9]. Various correlates of low coverage have
been suggested, linked to health service availability
and performance [10], socio-demographic character-
istics of families and communities [11, 12], and their
perceptions and attitudes to vaccination [13–15]. A
range of work suggests that geographical location
may be important [16–18], usually linked to access
to care [10], with particular emphasis on urban/rural
differences [14, 19, 20]. For example, coverage in the
northern states of Nigeria is about half of that in the
southern states, and lower in rural than urban areas
[21]. However, there are also exceptions, e.g. in
Kenya, travel time to vaccine clinics did not have
any discernible impact on coverage [22]. Such geo-
graphical variation is of particular public health rel-
evance for measles, as geographical clustering of
unvaccinated individuals may be crucial in allowing
persistent circulation of the virus [23]. Rubella vac-
cine, until recently rarely used in low-income countries
[24], is being introduced with increasing frequency
since funding for its introduction became available
via the Global Alliance for Vaccines and Immuniz-
ation (GAVI) [25]. Rubella vaccination is easily com-
bined with the measles vaccine, and existing measles
programmes are consequently the likely delivery mech-
anism if the vaccine is introduced [26]. Consequently,
measles coverage levels are informative for the advis-
ability of rubella introduction. Inequities in coverage
are also particularly signiﬁcant for rubella control
[27]. Areas of low coverage that are of insufﬁcient
size to maintain circulation of rubella (i.e. are below
the critical community size [28]) may be particularly
vulnerable to accumulation of late age susceptible
individuals [27] and thus increase the main burden
of rubella linked to infection of women during early
pregnancy [29].
Here we systematically analyse the impact of geo-
graphical isolation on coverage of the ﬁrst dose
of measles-containing vaccines (MCV1) in Africa.
We show a link between coverage and average per per-
son travel time (across available modes of transport)
to population centres of 550000 people. We use
our analysis to assess the penetration of routine
vaccination into rural communities, and to investigate
modiﬁed scenarios of vaccine delivery, including
changing the rate of delivery, changing the target
age range of delivery, or reducing travel-linked in-
equities to identify which most effectively move popu-
lations towards the 95% vaccination coverage
estimated as a threshold for measles elimination [30].
We also quantify the magnitude of change necessary
in remote populations to achieve 80% coverage, con-
sidered to be a key threshold for introduction of
rubella vaccination [26] (although note that this may
be too low in some circumstances [31, 32]).
METHODS
Vaccination coverage data
Measles vaccination status, age, and approximate
geographical longitudes and latitudes of residence
for children aged 9–59 months were obtained from
Demographic Health Surveys (DHS) on the African
continent occurring during or after 2000 [33]. These
surveys select a large random sample of households
to provide nationally, and sometimes regionally, rep-
resentative estimates of key demographic and health
indicators, including vaccination coverage [33]. In
reporting the geographical coordinates (standard lati-
tude and longitude values [34]), points are displaced to
protect the conﬁdentiality of the survey respondents.
In the course of surveys, mothers were asked whe-
ther the child had a vaccination card; and additionally
whether ‘the child had a measles injection or an MMR
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injection – i.e. a shot in the arm at the age of
59 months – to prevent him/her from getting mea-
sles?’ [33]. We used the latter to develop an indicator
variable deﬁning whether children had ever been
vaccinated (taking the value 1 if mothers reported
positively, 0 if mothers reported negatively, and NA
if mothers did not report). Although the number of
measles vaccine doses received by children is also of
considerable public health relevance (WHO recom-
mends that each child should receive two doses, be-
cause of interference from maternal immunity), with
the data available, we could not quantify this over
the broad scales of interest, so we focused on pres-
ence/absence of vaccination.
Supplementary Table S1 provides numbers of chil-
dren for which vaccination and age information was
available per country and country-speciﬁc details of
SIAs based on WHO data. Given the lack of exact
dates of delivery of vaccines during SIAs and the
difﬁculty in determining the age of many children in
countries without birth registration, the age ranges
assumed to be eligible during each survey are approxi-
mate. The coverage reported by mothers does not dis-
tinguish between whether vaccination was provided as
part of routine or SIA campaigns, so we were unable
to disentangle the roles of these different modes of
immunization.
Remoteness data
Spatial datasets on Africa-wide road networks
(GRoads: www.ciesin.columbia.edu/conﬂuence/
display/roads/; VectorMap0: www.mapability.com;
OpenStreetMap: www.openstreetmap.org; plus
national transportation network GIS datasets from
Kenya, Namibia, Tanzania, Swaziland, Rwanda,
Niger, Zambia, Angola, Somalia and Djibouti), land
cover [35], settlement locations [36] (www.worldpop.
org.uk), inland water bodies [37] and topography
[38] were obtained and assembled within a geographi-
cal information system (GIS). The datasets were the
most detailed and complete available, and all were
constructed within the last 10 years to represent as
closely as possible conditions during the period within
which the DHS surveys were conducted. These data-
sets formed the basis for constructing a ‘friction’ sur-
face used to calculate travel times to the nearest
settlement of 550000 people in 2010, following the
methodology outlined by Nelson [39].
The gridded travel time dataset was used to map out
areas at travel times of 1-h intervals (0–1 h, >1–2 h, etc.,
up to >10 h) from settlements of550000 population,
which we refer to as ‘urban’. These mapped classes
were then overlaid onto a 2010 gridded population
dataset [36] and the population sizes residing in each
class for each country were calculated. We use travel
time from large urban centres rather than, say, dis-
tance to the nearest health facility because travel
time data is broadly available and comparable across
countries whereas health facility data is more variable.
Model ﬁtting
We ﬁrst explored various parametric hazard re-
gression models for coverage as a function of age
and distance. However, no such models adequately
captured the varying patterns seen across the con-
tinent. We therefore used non-parametric binomial re-
gression to estimate the probability of vaccination as a
function of age and remoteness using local polynomial
regression with a logit link and a binomial error [40].
Local polynomials are akin to regression splines but
are better able to accommodate unequally spaced
data (e.g. [41]). For each country/year, the model
was ﬁt to data from all children for whom vaccination
data, age, and location were available. We combined
this with data on population numbers found across
travel-time classes to estimate country-level coverage
and compared this with previous DHS scaled esti-
mates (obtained via the DHS website, http://www.
statcompiler.com) to validate the models.
Kinetics of vaccination over age and geography
We explored the impact of a range of different scenar-
ios on country-level measles vaccine coverage. First,
we quantiﬁed what increase in coverage may be ob-
tained by improving rates of routine vaccination, as-
suming that within each travel time category (taken
in hourly increments) rates of vaccination attained
over 1 week between 9 and 12 months increased by
half the baseline rate [see Supplementary Fig. S1: for
example, if baseline coverage increased from 50% to
51% with one additional week of age, then coverage
was assumed to increase by 0·15=1·5×(0·51–0·5)
over the same week of age]. Second, we quantiﬁed
what increase in coverage may be obtained by increas-
ing the upper age range considered for routine vacci-
nation. To do this, we assumed that the maximum
rate of vaccine delivery attained between 9 and
10 months represented coverage achieved under rou-
tine vaccination, and explored the impact if this rate
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of delivery was applied for ages up to 15 months (see
Supplementary Fig. S1 for a representation of this
modiﬁcation; broadly similar results are obtained if
the value is applied up to 18 months). Third, we quan-
tiﬁed what increase in coverage may be achieved by re-
moving urban/rural inequities, i.e. assuming that all
rural areas would get the same access to vaccination
as urban locations in that country. For all these
comparisons, we focused on coverage attained at
24 months (since increasing the age range will show
no impact at 12 months).
Throughout, institutional ethics approval was not
sought because this is a retrospective study and the
databases are anonymized and free of personally iden-
tiﬁable information.
RESULTS
Figure 1a shows the distance effect on measles vaccine
coverage achieved by 13 months and 60 months from
the most recent survey for all countries for which data
was available (shown respectively in pink and blue, see
Supplementary Fig. S2 for detailed plots of all ages).
These ages were chosen since most children are likely
to have received their routine dose by 13 months; SIAs
may increase the coverage observed at 60 months,
which also reﬂects the upper age available with the
data. The remoteness effect for the full range of avail-
able data is shown in Figure 1b (see Supplementary
Fig. S3 for how travel times map onto the various
countries). Both plots indicate a clear signal of urban/
rural inequity in most countries, and Figure 1b
shows that the inequity is ampliﬁed in countries with
lower overall coverage. Estimates of country-level
coverage across the dataset concur with estimates
from the DHS (Supplementary Fig. S4), indicating
that our mapping from coverage across age and travel
time classes combined with population distribution
across travel time classes provides a reasonable reﬂec-
tion of the overall coverage for the different countries.
The analysis of modiﬁcation of the kinetics of vac-
cination (Fig. 2a) indicates that all three scenarios
would increase coverage but their relative effectiveness
is country-speciﬁc. In those countries with the most
to gain in vaccination coverage (baseline <0·70), the
greatest beneﬁts would come from removing ‘rural
penalty’ (grey circles, Fig. 2a; coverage raised by be-
tween 3 and 25 percentage points and on average
increased by 16 percentage points). However, with
the exception of a few of the countries that currently
report coverage >90%, removing rural penalty alone
would be insufﬁcient to raise coverage over the 95%
elimination threshold. For this additional adjustments
such as increased rate of vaccination during routine,
or an increased target age range (which by increasing
the window of time for vaccination can substantially
increase coverage by 24 months) would be required
(see Supplementary Fig. S5A for the ratio of extra
doses deployed that this corresponds to). Figure 2b
lays out the various country-speciﬁc scenarios re-
quired to reach 95% coverage; the red bars indicate
the factor by which the rate of routine vaccination
must be multiplied; and the blue bars indicate the in-
creased age limit required given current uptake rates.
The corresponding increase in the number of doses
administered for rate- or age-range increase scenarios
(Supplementary Fig. S5B) tends to be rather similar,
as one would expect. Note that in these illustrations,
the various kinetic changes are independent and con-
sidered separately.
Countries with the lowest coverage also have the
largest shortfall to achieve either measles elimination
targets (95%), or minimal levels of coverage for rolling
out rubella containing vaccine currently recommen-
ded by WHO (80%) in the most remote communities.
Coverage achieved in the most remote communities
relative to these two thresholds is shown in Figure 3.
DISCUSSION
Reducing inequity in vaccine coverage is a key stra-
tegic objective of the Decade of Vaccines [42]. The
2013 Action Plan [42] called for strategies to go be-
yond the 2002 concept of ‘Reaching Every District’
to encompass ‘Reaching Every Community’. This
Action Plan emphasized that implementing such stra-
tegies requires that the underserved be identiﬁed; and
that progress in accessing this group be monitored
[42]. Our analysis provides a simple predictive variable
of vaccine-related inequity: vaccination coverage is
lower in more remote locations as measured by av-
erage per person travel time. Furthermore, due to its
simplicity, this metric can easily be re-evaluated to as-
sess progress towards equity goals.
Countries for which the effect of remoteness
on measles vaccine coverage is relatively small tend
to be those with overall high measles vaccine coverage
(e.g. Egypt or Ghana). In many countries with repeat
surveys, an increase in coverage has been accom-
panied with a marked reduction in inequity. For
example, in Ghana between 2003 and 2008, Kenya
between 2003 and 2008, and Namibia between 2000
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(a) (b)
Fig. 1. The effect of travel time on vaccination coverage. (a) The proportion of the population vaccinated (y axis) achieved between 12 and 13 months of age (blue areas)
and 58 and 60 months of age (pink polygons) as a function of travel time in hours to the nearest city of 550000 people (x axis) for the most recent Demographic Health
Survey (DHS) available from each country. (b) The maximum proportion of the population vaccinated by age 60 months at 0·5, 4, and 8 h travel time (legend, colours)
for the full range of available DHS data available for each country, ordered by coverage achieved in the most recent DHS survey. For the approximate age range eligible
for Supplementary Immunization Activities and where they occurred, see Supplementary Table S1.
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(a) (b)
Fig. 2. Impact of modifying kinetics of measles vaccination coverage by country. (a) Vaccination coverage by country achieved at 24 months (black points), obtained by
scaling estimated coverage by the size of populations living at different travel times (assuming an even distribution of population across ages up to age 5 years); the
coverage level by 24 months that would be obtained if the rate of vaccination between 9 and 12 months could be increased by 50% (red points); or if the age range
whereby the maximum rate of coverage was obtained was extended up to 15 months (blue points); or everyone obtained the coverage estimated in the larger urban
centres (grey points). Results are ordered by maximum coverage obtained over age (see Fig. 1). (b) The factor by which the rate of vaccination between 9 and 12 months
would need to be multiplied to achieve 95% coverage by 24 months (red) and the degree to which the upper age of vaccination must be increased to achieve 95%
coverage by 24 months (blue) shown to reﬂect geographical clustering.
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and 2006 the ‘rural penalty’ is considerably reduced
(Fig. 1b), suggesting that strategies to reach more com-
munities have been successful. However, there are
exceptions to this pattern (e.g. Burkina Faso 2003–
2010). The mechanisms underlying this inequity, and
how it changes in the face of improved global cover-
age are likely to be broadly linked to infrastructure,
although geographic variation in socioeconomic
status, ethnic group and other family and community
characteristics may also play a role [11, 12]. How these
factors can be mitigated via design of delivery of rou-
tine and supplementary immunization activities will
be an additional important issue in reaching target
vaccine coverage. SIAs in particular are intended spe-
ciﬁcally to redress this type of inequity by reaching
children in remote and underserved communities [8].
The data available here were not sufﬁcient to disen-
tangle the role of SIAs vs. routine vaccination since
the data report on whether or not children were vacci-
nated, but not the means by which the vaccine had
been distributed. A key research question is to estab-
lish the degree to which SIAs reduce inequities, par-
ticularly across spatial scales.
Our analysis of possible changes to the kinetics of
immunization, including increasing the rate of vacci-
nation, and increasing the upper age to which routine
vaccination is applied appear to have potentially large
effects on measles coverage. Most interestingly, in-
creasing the upper age of eligibility for routine-like
vaccination is predicted to have substantial effects, a
result of considerable interest as this change in control
does not require any changes in infrastructure. How-
ever, some countries remain below the threshold of
herd immunity for measles even with these changes
(Liberia, Benin, Mali, DRC, Guinea, Sierra Leone,
Ethiopia, Nigeria). It is key to acknowledge that
other heterogeneities will affect these results – in our
scenario analyses, we assume that individuals of the
same age and at the same travel time have an equal
opportunity of vaccination. In reality, there may be
parts of local populations that has greatly reduced
opportunities for vaccination [43]. Increasing rates of
vaccination, or the upper age of routine vaccination
will be less likely to affect such strata.
Finally, as we approach measles elimination, achiev-
ing high coverage not just at the scale of the country,
but also in pockets where infection is likely to persist
is of increasing importance. Various lines of evidence
suggest that remote communities may have lower R0,
as transmission rate is thought to increase with density
of contacts [44, 45]. For measles, the lower the R0, the
lower the critical threshold of vaccination required for
Fig. 3. Shortfall in measles vaccination coverage in remote communities. The y axis indicates the level of measles
vaccination coverage attained at 24 months for children living at travel times reﬂecting the 0·75 quartile of the travel time
(i.e. the most remote children) for countries shown on the x axis. Distance below the horizontal lines indicate the
necessary increase in measles vaccination coverage in the least served communities required to achieve values >80% in
every community (dark red line, suggested minimum for safe introduction of rubella-containing vaccine) or >95% in every
community (lighter red line, suggested level required to achieve measles elimination).
Measles vaccination coverage inequities 1463
elimination. However, this remains relatively poorly
understood – for example, seasonal ﬂuctuations and
aggregation might also be higher in such areas,
potentially driving a very high seasonal peak of trans-
mission [45].Whatever the case, the impact of persisting
pockets may considerably complicate and extend the
duration of the endgame [46]. For rubella, lower levels
ofR0 alsomay lead to higher probability of local extinc-
tion of the virus in remote communities, and thus
greater potential for build-up of late-age susceptible
individuals [47]. The pattern of coverage shortfalls in
remote communities (Fig. 3) reﬂects that of the pattern
of coverage in general, once again emphasizing that
reaching these remote communities is key.
Inequities in vaccine coverage are often quantiﬁed at
broad spatial scales (e.g. provinces, countries) or in
terms of gender, or socioeconomic indicators. Finer
scale analyses of healthcare accessibility require con-
siderably more data, and thus are often narrower in
scope. Our analysis combines broad scale data with a
relatively simple measure of accessibility to address
this question. Evidence for remote under-vaccinated
populations is both of considerable importance given
the dynamical consequences of unvaccinated com-
munities, but also as another simple indicator of
where underserved populations are to be found, with
the potential to guide policy to address their needs.
SUPPLEMENTARY MATERIAL
For supplementary material accompanying this paper
visit http://dx.doi.org/10.1017/S0950268814001988.
ACKNOWLEDGEMENTS
This work is funded by the Royal Society and
Oxford University (C.J.E.M.), the Bill and Melinda
Gates Foundation, the Science and Technology
Directorate, Department of Homeland Security
contract HSHQDC-12-C-00058 (B.T.G.), and the
RAPIDD program of the Science & Technology
Directorate, Department of Homeland Security and
the Fogarty International Center, National Institutes
of Health (C.J.E.M., B.T.G., O.N.B., A.J.T.), and
the Medical Research Council, UK (K.O’R.). The
funding sources played no role in developing this
paper and preparing it for submission.
DECLARATION OF INTEREST
None.
REFERENCES
1. Centers for Disease Control and Prevention. Vaccine pre-
ventable deaths and the Global Immunization Strategy
2006–2015. Morbidity and Mortality Weekly Report
2006; 55: 511–515.
2. Strebel P, et al. The unﬁnished measles immunization
agenda. Journal of Infectious Diseases 2003; 187: S1–S7.
3. World Health Organization. Global control and re-
gional elimination of measles, 2000–2012. Weekly Epi-
demiological Record 2014; 89: 45–52.
4. Lee LA, et al. The estimated mortality impact of vacci-
nations forecast to be administered during 2011–2020 in
73 countries supported by the GAVI Alliance. Vaccine
2013; 31: B61–B72.
5. Strebel PM, et al. A world without measles. Journal of
Infectious Diseases 2011; 204 (Suppl. 1): S1–S3.
6. Sartorius B, et al. Identifying high-risk areas for spor-
adic measles outbreaks: lessons from South Africa.
Bulletin of the World Health Organization 2013; 91:
174–183.
7. Cutts F, Lessler J, Metcalf CJE. Measles elimination:
progress, challenges and implications for rubella con-
trol. Expert Review of Vaccines 2013; 12: 917–932.
8. World Health Organization. Global measles and rubella
strategic plan, 2012–2020. WHO, 2012.
9. Machingaidze S, Wiysonge CS, Hussey GD. Strengthen-
ing the expanded programme on immunization in
Africa: looking beyond 2015. PLoS Medicine 2013;
10: e1001405.
10. Blanford JI, et al. It’s a long, long walk: accessibility to
hospitals, maternity and integrated health centers in
Niger. International Journal of Health Geographics
2012; 11: 1–15.
11. Victora CG, et al. How changes in coverage affect
equity in maternal and child health interventions in 35
countdown to 2015 countries: an analysis of national
surveys. Lancet 2012; 380: 1149–1156.
12. Rheingans R, Atherly D, Anderson J. Distributional im-
pact of rotavirus vaccination in 25 GAVI countries: es-
timating disparities in beneﬁts and cost-effectiveness.
Vaccine 2012; 30: A15–A23.
13. Zuber PLF, et al. Mass measles vaccination in urban
Burkina Faso, 1998. Bulletin of the World Health
Organization 2001; 79: 4.
14. Cockcroft A, et al. One size does not ﬁt all: local deter-
minants of measles vaccination in four districts of
Pakistan. BMC International Health and Human
Rights 2009; 9 (Suppl. 1): S4.
15. Mitchell V, et al. Immunization in developing
countries. In Plotkin SA, Orenstein WA, Ofﬁt PA,
eds. Vaccines. Philadelphia: Elsevier Saunders, 2013,
pp. 1369–1394.
16. Berry DJ, Yach D, Hennink MHJ. An evaluation of
the national measles vaccination campaign in the new
shanty areas of Khayelitsha. South African Medical
Journal 1992; 79: 433–436.
17. Grais RF, et al. Unacceptably high mortality related to
measles epidemics in Niger, Nigeria and Chad. PLoS
Medicine 2007; 4: e16.
1464 C. J. E. Metcalf and others
18. Schelling E, et al. Human and animal vaccination de-
livery to remote nomadic families, Chad. Emerging
Infectious Diseases 2007; 13: 373–379.
19. Fernandez R, et al. Determinants of apparent
rural-urban differentials in measles vaccination
uptake in Indonesia. Rural and Remote Health 2011;
11(1702).
20. Singh PK, Trends in child immunization across geo-
graphical regions in India: focus on urban-rural and
gender differentials. PLoS One 2013; 8: e73102.
21. Weldegebriel GG, et al. Measles resurgence following a
nationwide measles vaccination campaign in Nigeria,
2005–2008. Journal of Infectious Diseases 2011; 204
(Suppl. 1): S226–S231.
22. Moïsi JC, et al. Spatial and socio-demographic pre-
dictors of time-to-immunization in a rural area in
Kenya: Is equityattainable?Vaccine2010;28: 5725–5730.
23. Wallinga J, Heijne JCM, Kretzschmar M. A measles
epidemic threshold in a highly vaccinated population.
PLoS Medicine 2005; 2: e316.
24. Strebel PM, et al. Global use of rubella vaccines,
1980–2009. Journal of Infectious Diseases 2011; 204:
S579–584.
25. Cutts F, et al. Rubella vaccination: must not be business
as usual. Lancet 2012; 380: 217–218.
26. World Health Organization. Rubella vaccines: WHO
position paper. Weekly Epidemiological Record 2011;
86: 301–316.
27. Metcalf CJE, et al. Implications of spatially hetero-
geneous vaccination coverage for the risk of congenital
rubella syndrome in South Africa. Journal of the
Royal Society Interface 2013; 10: 20120756.
28. Bartlett MS, The critical community size for measles
in the United States. Journal of the Royal Statistical
Society, Series A 1960; 123: 37–44.
29. Cooper LZ, The history and medical consequences
of rubella. Reviews of Infectious Diseases 1985; 7:
S2–S10.
30. Orenstein WA, Papania MJ, Wharton ME. Measles
elimination in the United States. Journal of Infectious
Diseases 2004; 189 (Suppl. 1): S1–S3.
31. Metcalf CJE, et al. Minimum levels of coverage needed
for rubella vaccination: impact of local demography,
seasonality and population heterogeneity. Epidemiology
and Infection 2012; 16: 1–12.
32. Lessler J, Metcalf CJE. Balancing evidence and uncer-
tainty when considering rubella vaccine introduction.
PLoS One 2013; 8: e67639.
33. ICF International. Demographic and Health
Surveys (various) [Benin 2001: BJKR41FL.dta,
BJGE42FL.dbf; Burkina Faso 2003 BFKR42FL.dta,
BFGE43FL.dbf; Burkina Faso 2010: BFKR61FL.dta,
BFGE61FL.dbf; Burundi 2010: BUKR61FL.dta,
BUGE61FL.dbf; Cameroon 2004: CMKR44FL.dta,
CMGE42FL.dbf; Cameroon 2011: CMKR60FL.dta,
CMGE61FL.dbf; Congo (DRC 2007: CDKR50FL.
dta, CDGE52FL.dbf; Egypt 2000: EGKR41FL.dta,
EGGE42FL.dbf; Egypt 2005: EGKR51FL.dta,
EGGE52FL.dbf; Egypt 2008: EGKR5AFL.dta,
EGGE5DFL.dbf; Ethiopia 2000: ETKR41FL.dta,
ETGE42FL.dbf; Ethiopia 2005: ETKR51FL.dta,
ETGE52FL.dbf; Ethiopia 2011: ETKR61LF.dta,
ETGE61FL.dbf; Ghana 2003: GHKR4BFL.dta,
GHGE4BFL.dbf; Ghana 2008: GHKR5AFL.dta,
GHGE5AFL.dbf; Guinea 2005: GNKR52FL.dta,
GNGE52FL.dbf; Kenya 2003: KEKR42FL.dta,
KEGE43FL.dbf; Kenya 2008–2009: KEKR52Fl.dta,
KEGE52FL.dbf; Lesotho 2004; LSKR41FL.dta,
LSGE42FL.dbf; Lesotho 2009: LSKR60FL.dta,
LSGE62FL.dbf; Liberia 2007: LBKR51FL.dta,
LBGE52FL.dbf, Madagascar 2008–2009:
MDKR51FL.dta, MDGE53FL.dbf; Malawi 2000:
MWKR41FL.dta, MWGE43FL.dbf; Malawi 2004:
MWKR4CFl.dta, MWGE4BFL.dbf; Malawi 2010:
MWKR4CFL.dta, MWGE4BFL.dbf; Mali 2001:
MLKR41FL.dta, MLGE42FL.dbf; Mali 2006:
MLKR52FL.dta, MLGE42FL.dbf; Morocco 2003:
MAKR42FL.dta, MAGE43FL.dbf; Namibia 2000:
NMKR41FL.dta, NMGE42FL.dbf; Namibia 2006:
NMKR51FL.dta, NMGE52FL.dbf; Nigeria 2003:
NGKR4BFL.dta, NGGE4BFL.dbf; Nigeria 2008:
NGKR51FL.dta, NGGE52FL.dbf; Rwanda 2005:
RWKR53FL.dta, RWGE54FL.dbf; Rwanda 2010:
RWKR61FL.dta, RWGE61FL.dbf; Senegal 2005:
SNKR4HFL.dta, SNGE4BFL.dbf; Senegal 2010:
SNKR60FL.dta, SNGE61FL.dbf; Sierra Leone 2008:
SLKR51FL.dta, SLGE53FL.dbf; Swaziland 2006:
SZKR51FL.dta, SZGE53FL.dbf; Tanzania 1999:
TZKR41FL.dta, TZGE43FL.dbf; Tanzania 2010:
TZKR60FL.dta, TZGE61FL.dbf; Uganda 2000–2001:
UGKR41FL.dta, UGGE43FL.dbf; Uganda 2006:
UGKR51FL.dta, UGGE52FL.dbf; Uganda 2011:
UGKR60FL.dta, UGGE61FL.dbf; Zambia 2007L
ZNKR51FL.dta, ZMGE52FL.dbf; Zimbabwe 2005–
2006: ZWKR51FL.dta, ZWGE52FL.dbf], 2012.
Calverton, Maryland: ICF International.
34. ICF Macro. Incorporating geographic information into
demographic and health surveys: a ﬁeld guide to GPS
data collection. ICF Macro: Calverton, Maryland,
USA, 2011.
35. Arino O, et al. GLOBCOVER: the most detailed por-
trait of Earth. ESA Bulletin 2008; 136: 24–31.
36. Linard C, et al. Population distribution, settlement pat-
terns and accessibility across Africa in 2010. PLoS One
2012; 7: e31743.
37. Lehner B, Doll P. Development and validation of a glo-
bal database of lakes, reservoirs and wetlands. Journal
of Hydrology 2004; 296: 1–22.
38. Rabus B, et al. The shuttle radar topography mission – a
new class of digitial elevation models acquired by space-
borne radar. Photogrammetric Engineering & Remote
Sensing 2003; 27: 241–262.
39. Nelson A. Estimated travel time to the nearest city of
50,000 or more people in year 2000. Ispra, Italy, 2008
(http://bioval.jrc.ec.europa.eu/products/gam/index.htm).
Accessed 11 October 2011.
40. Loader C. Local Regression and Likelihood. New York:
Springer, 1999.
41. Härdle W. Applied Nonparametric Regression. Cam-
bridge: Cambridge University Press, 1990.
Measles vaccination coverage inequities 1465
42. World Health Organization. Global vaccine action plan
2011–2020. WHO, 2013.
43. Lessler J, et al. Measuring the performance of vac-
cination programs using cross-sectional surveys. PLoS
Medicine 2011; 8: e1001110.
44. Anderson RM, May RM. Infectious Diseases of
Humans. Oxford: Oxford University Press, 1991.
45. Bharti N, et al. Explaining seasonal ﬂuctuations of
measles in Niger using nighttime lights imagery.
Science 2011; 334: 1424–1427.
46. Klepac P, et al. Towards the endgame and beyond: com-
plexities and challenges for the elimination of infectious
diseases. Philosophical Transactions of the Royal Society
of London, Series B: Biological Sciences 2013; 368
(1623): 20120137.
47. Metcalf CJE, et al. Rubella meta-population
dynamics and importance of spatial coupling to
the risk of congenital rubella syndrome in
Peru. Journal of the Royal Society Interface 2011; 8:
369–376.
1466 C. J. E. Metcalf and others
